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METHODS FOR SEPARATING AND
REFINING LIGNIN FROM BLACK LIQUOR
AND COMPOSITIONS THEREOF

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s a National Stage Entry of PCT/

US2015/039438, filed Jul. 7, 2015, which claims the benefit
of U.S. Provisional Application No. 62/022,644, filed Jul. 9,

2014, each incorporated herein by reference 1n 1ts entirety.

FIELD OF THE INVENTION

The invention relates to separation and refining of lignin
from spent cooking liquor (1.e., black liquor) present in
industrial chemical plants.

BACKGROUND OF THE INVENTION

Removing a fraction of the lignin from black liquor
allows pulp and paper mills that have reached the maximum
throughput of their recovery boilers to increase production
proportional to the fraction of lignin removed. For example,
a large paper mill recovering 30% of their lignin from black
liquor allows the mill to increase the overall production rate
approaching that same percentage.

Lignin 1s also a valuable material for production of “green
chemicals.” The value of the lignin can increase even further
if the lignin can be refined to a high degree by separating 1t
cllectively from ash and desulfurizing the covalently bound
sulfite and sulfonate groups 1t acquires in the pulping
process. PCT/US2013/039585 and PCT/US2013/068824
(both incorporated herein by reference for all purposes)
disclose processes and methods to refine lignin to high
purity by extracting 1t into a limited-solubility solvent and
polishing the lignin 1n the organic phase by contacting with
a strong acid cation exchange resin.

SUMMARY OF THE INVENTION

In one aspect, provided herein 1s a process for separating,
black liquor 1nto at least two, three, or four streams selected
from: (1) a gaseous stream comprising volatile sulfur com-
pounds; (11) a lignin-comprising stream produced by extract-
ing lignin nto a limited-solubility solvent S1; (111) a salt
stream, comprising solid sodium and sulfate salts; and (1v)
a salt-depleted and lignmin-depleted aqueous stream compris-
ing hydrocarbons.

In another aspect, provided herein 1s a process for refining
lignin from black liquor, the process comprising the steps of:
(1) contacting black liquor with a limited-solubility solvent
S1, thereby forming a solution; (1) neutralizing the solution
by addition of CO,; (111) separating precipitated salt from the
solution; (1v) further acidifying the solution with mineral
acid to a pH of at least 0.5 to at most 3.0; (v) separating the
solution 1nto a solvent S1 phase and an aqueous phase; and
(v1) removing ash from the solvent S1 phase by contacting
with a strong acid cation exchange resin; thereby obtaining
a refined solution of lignin 1n the solvent S1 phase. In some
examples, the process may further comprising one, two,
three or four additional step(s) selected from: (1) distilling or
flash evaporating the solvent S1 phase, thereby removing the
bulk of the limited-solubility solvent S1 to obtain a solid
lignin; (11) heating the solid lignin to remove trace limited-
solubility solvent S1 or water from the solid lignin; (111)
applying a vacuum to the solid lignin to remove trace
limited-solubility solvent S1 or water from the solid lignin;
(1v) dissolving the solid lignin in an organic solvent to form
a resultant suspension; and (v) separating the insoluble
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remainder from the suspension. The black liquor may be a
product of a kraft pulping process.

In practicing any of the processes described herein, the
lignin may be desulfurized by reacting 1t 1n solvent S1 with
a reducing agent 1n the presence of a catalyst and a hydrogen
donor. In some examples, the hydrogen donor 1s 2-butanol,
and 2-butanone 1s produced as a byproduct of the desuliu-
rization.

In another aspect, provided herein 1s a process to produce

methane by anaerobic digestion of a salt-depleted and
lignin-depleted aqueous stream prepared by a process
described herein.

In another aspect, the invention provides a lignin com-
position comprising: (1) less than 3.2% sulfur (wt/wt); (11)
trace S1 solvent; and (111) a black liquor residue; wherein the
black liquor residue 1s present 1n an amount of at most 10000
ppm, at most Y9000 ppm, at most 8000 ppm, at most 7000
ppm, at most 6000 ppm, at most 5000 ppm, at most 4000
ppm, at most 3000 ppm, at most 2000 ppm, at most 1000
ppm, at most 500 ppm, at most 100 ppm, at most 50 ppm,
at most 10 ppm, or less than 10 ppm (wt/wt).

In yet another aspect, provided herein i1s an industrial-
scale chemical plant comprising black liquor, wherein the
plant 1s configured to separate lignin from the black liquor
via extraction with a limited-solubility S1 solvent, and
wherein the chemical plant does not comprise a recovery
boiler. In some examples, the plant 1s configured to produce
lignocellulosic matenal, paper, cardboard, purified lignin, or
combinations thereof. The chemical plant may be configured
to recycle black liquor, wherein lignin 1s separated from the
black liquor and the black liquor i1s not concentrated.

In another aspect, provided herein 1s a process for sepa-
rating lignin from black liquor, the process comprising the
steps of: (1) contacting the black liquor with a limited-
solubility solvent, thereby forming a mixture; (11) neutraliz-
ing the mixture by addition of CO,; (i1) filtering the
mixture, thereby generating a filtrate and a filtration cake;
(1v) acidilying the filtrate; (v) separating the filtrate into an
organic phase and an aqueous phase; (vi) removing metal
cations from the organic phase; and (v11) recovering lignin
from the organic phase. In some examples, the limited-
solubility solvent may comprise a 4- to 8-carbon ketone, for
example, methyethyl ketone. In some examples, the con-
tacting the black liquor with the limited-solubility solvent
induces precipitation of a salt. In some examples, the salt
comprises a carbonate, bicarbonate, sulfate, or bisulfate 1on.

In practicing any of the processes described herein, the
mixture may be maintained at a temperature of at least 30°
C. to at most 90° C. during the addition of CO,. In some
examples, the addition of CO, 1s halted once the mixture has
apH of at least 7.1 to at most 9.5. The mixture may be stirred
for at least 20 minutes aiter the addition of CO, to allow for
salt formation. In some examples, the filtrate 1s acidified by
addition of an acid, for example, a mineral acid (e.g.,
sulfuric acid). The acidification may cause further precipi-
tation of a salt. In some examples, the precipitate 1s removed
by filtration.

In practicing any of the processes described herein, the
recovering lignin from the organic phase may occur by
evaporation of the organic phase, thereby forming a solid
lignin. This may comprise contacting the organic phase with
water at an elevated temperature, thereby forming a lignin
precipitate. The solid lignin may be collected by filtering the
lignin precipitate. In some examples, the solid lignin 1s dried
by application of a vacuum to the solid lignin. The solid
lignin may be dissolved 1n an organic solvent.

In practicing any of the processes described herein, the
organic phase may undergo a desulfurization reaction. Solid
lignin dissolved in an organic solvent may undergo a des-
ultfurization reaction. In some examples, the desulfurization
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reaction comprises a desulturization catalyst, including, for
example, Raney nickel, MoS,, CoS,, or a combination
thereol. In some examples, the desulfurization reaction
turther comprises the addition of a hydrogen donor, for
example, an alcohol (e.g., 2-butanol). The desulfurization
reaction may be conducted at a temperature of at least 50°
C. to at most 200° C. In some examples, the desulfurization

reaction 1s conducted at a pressure of at least 1 mPa to at
most 30 mPa. Following the desultfurization reaction, the
organic phase may optionally be filtered.

In practicing any of the processes described herein, the
neutralizing step may induce precipitation of carbohydrates.
Optionally, the filtration cake 1s contacted with the aqueous
phase of the acidified filtrate, thereby forming a slurry. In
some examples, the slurry 1s acidified to a pH of at least 0.5
to at most 3.0. The slurry may be heated to a temperature of
at least 80° C. to at most 150° C. In some examples, at least
50% of precipitated carbohydrates in the slurry are con-
verted to water-soluble carbohydrates. An aqueous solution
suitable for anaerobic digestion may be separated from the
slurry. This aqueous solution suitable for anaerobic digestion
may comprise less than 400 ppm calcium. In some
examples, the aqueous solution suitable for anaerobic diges-
tion comprises less than 2,000 ppm sulfur. The aqueous
solution suitable for anaerobic digestion may have a chemi-
cal oxygen demand (COD) value of at least 35,000. Option-
ally, the aqueous solution suitable for anaerobic digestion
undergoes an anaerobic digestion to produce methane, for
example, using a microorganism. The methane produced
may be used as an energy source.

In practicing any of the processes described herein,
removing metal cations from the organic phase may com-
prise contacting the organic phase with a strong acid cation
exchange resin.

In one aspect, provided herein 1s a lignin composition
comprising at least 80% lignin (wt/wt) and one, two, three,
or four additional characteristics selected from: (1) sulfur 1n
an amount up to 3.2% (wt/wt); (11) ash 1 an amount up to
1% ash (wt/wt); (111) polyvalent cations in an amount up to
500 ppm, relative to lignin; and (1v) carbohydrates 1n an

amount up to 500 ppm carbohydrates, relative to lignin. In
some examples, the lignin composition may comprise less

than 1.6% sulfur (wt/wt).

INCORPORAITION BY REFERENCE

All publications, patents, and patent applications men-
tioned 1n this specification are herein incorporated by ref-
erence to the same extent as 11 each individual publication,
patent, or patent application was specifically and individu-
ally indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A 1s a schematic representation of a simplified
process scheme of the separation of lignin from black liquor
into a limited solubility solvent, and the reduction of sulfate
salt loads from the remaining aqueous stream.

FIG. 1B 1s an alternative schematic representation of a
simplified process scheme of the separation of lignin from
black liquor into a limited solubility solvent, and the reduc-
tion of sulfate salt loads from the remaining aqueous stream.

FIG. 2 1s a schematic representation of a process scheme
of lignin desulfurization and refining, including solvent
recycling and anaerobic digestion of the organic load of
aqueous streams to methane.
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FIG. 3 1s a schematic representation of a process scheme
for purification of extractant comprising solvent recycling
and distillation.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

Where a series of values 1s provided, it 1s understood that
cach recited value encompasses a value range from at most
ten percent (1.e., a tenth of a unit) more than the recited value
to at least ten percent less than the recited value, unless the
context clearly dictates otherwise. Where a range of values
1s provided, 1t 1s understood that each intervening value, to
the tenth of the unit of the lower limit unless the context
clearly dictates otherwise, between the upper and lower
limits of that range 1s also specifically disclosed. Each
smaller range between any stated value or intervening value
in a stated range and any other stated or interveming value 1n
that stated range 1s encompassed within the mvention. The
upper and lower limits of these smaller ranges may inde-
pendently be included or excluded in the range, and each
range where either, neither or both limits are included 1n the
smaller ranges 1s also encompassed within the 1nvention,
subject to any specifically excluded limit 1n the stated range.
Where the stated range includes one or both of the limats,
ranges excluding either or both of those included limits are
also included 1n the mvention.

Black liquor can be removed from the pulp mill’s recov-
cery plant downstream of an efhiciently performing soap
separator removing tall oils. Tall o1ls comprise chemicals of
high value and may be recovered by suitable processes. One
aspect of the current invention 1s to separate lignin and salts
from the remaining black liquor and to optimize the yield of
energy from this stream. The term “black liquor” refers to a
liquid byproduct of the kraft process during the production
of paper pulp. Black liquor comprises an aqueous solution of
lignin residues, hemicellulose, and 1norganic residues.
Saponified tall oi1ls may be skimmed ofl the surface of crude
black liquor, leaving behind “weak black liquor” comprising
about 10% to about 30% dissolved solids, wherein lignin
comprises from about 25% to about 45% of the solids. Black
liguor may be concentrated to increase the solids to more
than 30% wt/wt, more than 40% wt/wt, more than 50%
wt/wit, more than 60% wt/wt, more than 70% wt/wt, or even
more than 80% wt/wt. Relative amounts of lignin, carbo-
hydrates, mnorganic solutes and the specific composition may
vary significantly depending on the biomass feedstock and
milling processes.

The process to separate and refine lignin from black
liquor, to separate morganic salts, and to utilize the organic
matter remaining in the aqueous stream to produce methane,
1s shown schematically 1n FIGS. 1A, 1B and 2. In some
embodiments, the process comprises two parts: (1) lignin
separation from salts and carbohydrates and (1) lignin
refining. These two parts of the process are described in
further detail below. The refined lignin can be separated
from the limited-solubility solvent by well-known methods
of flash evaporation.

The presently disclosed methods enable the removal of
the high salt load typically obtained when neutralizing black
liquor by acidification and handling the toxic emission of
hydrogen sulfide gas which 1s emitted upon neutralizing,
preferably while capturing the gas for reuse at the paper mall.
Effective removal of the high salt formed upon acidification
can allow further harvesting of energy from the salt depleted
and lignin depleted aqueous stream, which still contains a
high load of hemicellulose polymers, oligomers and mono-
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mers as well as hydrated sugar species (e.g., furfural and its
derivatives), extractives and organic acids. Once salts and
lignin have been removed, this stream can be digested
anaerobically to produce methane, thus maximizing the use
of this paper mill effluent stream.

Lignin Separation

FIG. 1A depicts certain embodiments of lignin and salt
separation as described herein. In some embodiments,
highly basic black liquor 1s first neutralized (100) by sparg-
ing the solution with CO, in a biphasic aqueous/organic
solution, where the organic phase comprises a limited solu-
bility solvent S1. Gases can optionally be vented (105) and
collected for recycling of sultur volatiles, such as for use at
a paper mill. Recycling can be accomplished by reducing
sulfur volatiles to H,S or oxidizing sulfur volatiles to
sulfuric acid for use 1n the refining process of the current
ivention. In some aspects, lignin can be extracted into the
organic phase, in which the resulting aqueous phase com-
prises limited solubility solvent having reduced salt solubil-
ity and reduced hemicellulose oligomers solubility. In some
embodiments, a portion of the mnorganic solutes can be
precipitated due to the reduced salt solubility 1n the aqueous
phase. In some embodiments, at least 25, 30, 35, 40, 43, 50,
55, 60, 65 or at least 70% of the inorganic solutes are
precipitated due to reduced salt solubility 1n the aqueous
phase comprising the limited solubility solvent (i.e., the S1
solvent). In some embodiments, at most 30, 35, 40, 45, 50,
55, 60, 65 or at most 70% of the norganic solutes are
precipitated due to reduced salt solubility in the aqueous
phase comprising the limited solubility solvent (1.e., the S1
solvent). In some embodiments, a portion of the hemicel-
lulose oligomers are precipitated due to the reduced solu-
bility 1n neutralized solvent saturated aqueous phase. Such
oligomers may comprise oligoxylans, oligo-mannans, glu-
comannans, galactomannans, any other carbohydrate spe-
cies present as an oligomer, or mixtures thereof. In some
embodiments, at least 50, 35, 60, 65, 70, 75, 80 or at least
85% of carbohydrate oligomers are precipitated in the
neutralized solvent saturated aqueous phase. In other
embodiments, at most 50, 55, 60, 65, 70, 735, 80 or at most
85% carbohydrate oligomers are precipitated in the neutral-
1zed solvent-saturated aqueous phase.

The resulting precipitate 101, comprising salts and car-
bohydrates, can be removed from the suspension by at least
one method known 1n the art. For example, in some embodi-
ments the salts are removed via filtration 110. In some
embodiments, the salts are filtered (110) by simple filtration.
The recovered salts can be transierred (112) to a re-slurry
tank 130. In some embodiments, the filtrate 111 1s acidified.
For example, the filtrate can have the pH adjusted to at most
8,7,6,5,4,3 or to at most 2. For example, the filtrate can
have the pH adjusted to at least 7, 6, 3, 4, 3, or to at least 1.
In some cases, the pH i1s adjusted using sulfuric acid
(H,SO,) or other suitable acid. In some embodiments, the
filtrate pH 1s adjusted to a pH of at least 2.3 and not more
than 3.0 by the addition of H,SO,. In some cases, the filtrate
pH 1s adjusted to a pH of at least 2.5 and not more than 3.7
by the addition of H,SO,,. In other embodiments, the filtrate
pH 1s adjusted to a pH of at least 2.1 and not more than 3.9
by the addition of H,SO,. In some other embodiments, the
filtrate 1s acidified with mineral acid to a pH of at least 0.5
to a pH of at most 3.0. The resulting organic and aqueous
phases can be separated (120) by centrifuge or any other
decantation or phase separation process, as would be known
in the art. Stream 121, comprising lignin and solvent S1, can
be optionally transferred to a lignin-refining region, while
stream 122, comprising water, salts, organic acids, sugars
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and dehydrated sugars, can be directed to the re-slurry tank
130. In some aspects, the salt 1s re-slurried (130) at a
temperature of at least 50° C. and at most 65° C. and
adjusted to a pH of at least 2.5 and at most 3.0 with H,SQO,,.
In some embodiments, the pH 1s adjusted to less than 2.5
with H,SO,. In some embodiments, the slurry 1s acidified to
a pH of at least 0.5 to at most 3.0. In some embodiments, the
solution 1s stirred for at least 10, 15, 20, 23, 30, 35, 40, 45,
50, 55 or at least 60 minutes. In other embodiments, the
solution 1s stirred for at most 20, 25, 30, 35, 40, 45, 50, 55
or at most 60 minutes. In some embodiments, the acidified
solution 1s further heated to affect hydrolysis of the oligo-
meric carbohydrates (135) either in the same vessel or 1n a
different vessel. In some embodiments, hydrolysis 135 1is
aflected by heating the slurry to a temperature of at least 80°
C. and at most 150° C., optionally the temperature can be at
least 90° C. and at most 120° C., for a period of 30-300
minutes, optionally 45-120 minutes. In some embodiments,
the hydrolysis converts at least 50, 53, 60, 65,70, 75, 80, 85
or at least 90% of the precipitated carbohydrates to water
soluble carbohydrates. In some embodiments, the hydrolysis
converts at most 50, 55, 60, 65, 70, 75, 80, 85 or at most 90%
of the precipitated carbohydrates to water soluble carbohy-
drates.

In some embodiments, the resulting salts comprise pri-
marily Na,SO,. In some aspects, the resulting salts (131 1n
FIG. 1A or 136 1n FIG. 1B) are filtered 140. The remaining
solvent can optionally be stripped (160), for example by
steam, to recover a mixture of solvent S1 and water 161. In
some embodiments, the Na,SO, salt exits the stripper as a
component of an aqueous solution in the absence (or near
absence) of solvent S1, which can then be collected as a
byproduct (160P). The filtrate stream 141 can be decanted
150, for example, by a suitable centrifuge or other phase
separation device, to recover solvent S1 for optional further
use 1n the process (stream 1352). Stream 151, comprising
water and residual amounts of solvent S1 and salt, can then
be sent to solvent recovery 260.

Lignin Refining

FIG. 2 depicts lignin refining according to certain aspects
of the present invention. As shown in FIG. 2, stream 121,
comprising lignin and solvent S1, can be transierred to a
desulfurization region 200. In some embodiments, the lignin
and solvent S1 solution 1s stirred 1n a thermally controlled
tank (200), and the pH 1s optionally adjusted to slightly
basic, e.g., a pH of at least 7.5 to at most 8.0 by adding a
suitable base, for example NaOH. In some examples, the pH
1s adjusted to slightly basic, 1.e., pH of at least 7.2 to at most
7.5, 8.0, 8.5, 9.0, 9.5 or at most 10.0 by adding a base. The
pH-adjusting base can be any suitable base, such as for
example, NaOH, KOH, LiOH, Mg(OH),, Ca(OH),, or the
like, or a combination thereof.

Following addition of a base, a catalyst for desulfurization
can be added, such as for example Raney nickel, MoS.,,
CoS,, or a combination thereof. In further embodiments, a
solvent S2 that acts as a reducing reagent (1.e., a hydrogen
donor) 1s added, such as for example, an alcohol such as
methanol, ethanol, 1sopropanol, 1-butanol, 2-butanol, or a
combination thereof. The desulfurization processes for use
according to the present disclosure can be selected from
processes known in the petrochemical industry. As lignin 1s
a highly aromatic polymer, catalytic chemistry can option-
ally be employed to remove sultur from lignmin polymer,
analogously to removing sulfur functional groups from
petrochemicals, such as petrochemical fractions rich in
benzene, toluene, xylenes (BTX) and phenols of petro-
chemical sources. The vented gases comprising sulfur com-
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pounds can optionally be collected for recycling. The sulfur
compounds can be either reduced to H,S (205), e.g., for
return and use 1 a paper mill, or alternatively oxidized to
sulfuric acid, e.g., for use 1n a process ol the present
disclosure.

Following desulfurization, the catalyst 201 can be filtered

210 and recycled (212) for further use. The filtrate stream
211 comprising lignin and solvent S1 can be treated as

disclosed 1 PCT/US2013/039585 and PCT/US2013/

068824. In such cases, the filtrate stream may {first be refined
(220) by contacting 1t with a strong acid cation exchange
(SAC) resin in the H® form to capture remaining metal
cations. According to some aspects of the present disclosure,
pure lignin can be separated from the refined stream 221 by
flash evaporation 230. In some embodiments, lignin sepa-
ration from the refined stream may be achieved by contact-
ing the S1 solution with water at a temperature sufliciently
high such that it evaporates the solvent to which it 1s added.
The S1 solvent evaporates when it has a boiling point below
that of the added water. For example, 1n various aspects of
the present disclosure, solvent S1 has a boiling point or
azeotrope with water that boils at a temperature of at most
99, 935, 90, 85, 80, 75, 70, 65, 60, 35, 50° C. or less at
ambient pressure. After removal of most or substantially all
of the solvent S1 (232), the lignin can be collected as
particles 1n water according to any suitable means. In some
embodiments, solid lignin 1s filtered 240, and dried 250 to
obtain a high purity solid lignin. Vapor streams 251 com-
prising solvent S1 and solvent S2 can be directed to a solvent
recovery process 260 to optionally reuse these potentially
valuable solvents.

FIG. 3 depicts the recovery process 260 according to
certain aspects of the present disclosure. Stream 151, com-
prising predominantly water as well as non-lignin dissolved
organic matter, residual salts and solvent S1, can be fed into
distillation column 1. In some embodiments, solvent S1 or
its aqueous azeotrope 1s distilled off (261), leaving the
aqueous phase (263) at the bottom. This phase may be
suitable as a feed for anaerobic digestion 270. Suitable
anaerobic feedstocks are generally characterized by low
levels of sulfate and calcium salts (to avoid toxicity); low
concentrations of phenolic lignin; and high chemical oxygen
demand (COD), which can be attributed to carbohydrates
and organic salts. Streams 232 from lignin filtration and 251
from lignin drying may be fed into distillation column 2,
wherein solvent S1 can be distilled off (261) and solvent S2
(264) can optionally be collected from the bottom of the
column. Both solvents may optionally be collected and
recycled for further use. In some embodiments, the anaero-
bic digestion 270 can comprise microorganisms. In some
examples, the microorganisms can include native (wild-
type) or genetically modified anaerobic bactenia.

Reagents Recovery: each reaction tank may be equipped
with vents so the gases comprising sulfur compounds or
CO, can optionally be collected. In some embodiments, CO,
1s recycled for further use 1n the process for acidification of
the next batch (e.g., as shown 1 FIG. 1a, 100). Gaseous
sulfur compounds may also be collected (e.g., as shown 1n
FIG. 1a, 105). The collected gaseous sulfur compounds can,
e.g., be reduced to H,S for use imn a paper mill and/or
oxidized to produce the sulturic acid required for the current
process.

In some embodiments of the methods or processes
described herein, the method or process eliminates the need
to concentrate black liquor, thus reducing the energy input
required and the high cost associated with having to con-
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centrate the weak black liquor to strong black liquor belore
feeding 1t to the recovery furnace.

In some embodiments, the salt- and lignin-depleted aque-
ous stream (e.g., as shown 1 FIG. 2, 263) 1s digested to
methane 270P 1n an anaerobic digester (270), thus eliminat-
ing partially or fully the need for a recovery furnace. In some
examples, the methane 1s used as an energy source. In some
embodiments, this elimination alleviates a bottleneck of
current paper mills and allows for an increase 1n the capacity
of an existing muall.

In some embodiments, high-purity lignin 1s produced as a
result of the processes of the present disclosure. In some
embodiments, the collection of solid high-purity lignin
(250P) 1s done by flash evaporation 230 of solvent S1
followed by simple filtration 240. In further embodiments,
the solid ligmin 1s filtered from the aqueous phase. In certain
aspects, the lignin produced according to the present pro-
cesses has low ash content, low volatile material content, or
a combination thereof. In further aspects, the lignin pro-
duced has low odor. In some embodiments, the lignin
produced 1s suiliciently pure to be applied in applications
that require extremely low ash and volatile matenal, and
applications that call for low odor. In some embodiments the
lignin produced comprises at most 3.5%, 3.0%, 2.0%, 1.0%,
0.5% or 0.25% wt/wt sulfur, at most 1%, 0.5% or at most
0.025% ash, or any combination of these specified sultfur and
ash levels.

In some embodiments, the reagents used 1n the processes
of the present disclosure are partially or fully recycled. In
some embodiments, the recycled reagents include CO,,
H,SO,, solvent S1, solvent S2, or a combination thereof. In
some embodiments, excess solvent S1 262 1s produced 1n the
reaction ol S2, thereby increasing the quantity of S1 col-
lected 262P.

Detalled Embodiments of Lignin and Salt Separation

In some embodiments, black liquor comprising at least
5% to at most 70% wt/wt dissolved solids, at least 15% to
at most 50% wt/wt dissolved solids, or at least 20% to at
most 25% wt/wt dissolved solids, 1s mixed with a limited-
solubility solvent S1 and water to obtain a mixture com-
prising from about 30:70 to about 70:30 parts S1:water,
about 40:60 to about 60:40 parts S1:water, about 55:45 to
about 45:55 parts Sl:water, or 55:45 parts S1:water. Any
suitable limited-solubility solvent can be used according to
the present disclosure. Non-limiting examples of limited-
solubility solvents suitable for use with the present invention
include methylethyl ketone, diethylketone, methyl 1sopropyl
ketone, methyl propyl ketone, mesityl oxide, diacetyl, 2,3-
pentanedione, 2.4-pentanedione, 2,5-dimethyliuran,
2-methylfuran, 2-ethylfuran, 1-chloro-2-butanone, methyl
tert-butyl ether, duisopropyl ether, anisole, ethyl acetate,
methyl acetate, ethyl formate, i1sopropyl acetate, propyl
acetate, propyl formate, 1sopropyl formate, 2-phenylethanol,
toluene, 1-phenylethanol, phenol, m-cresol, 2-phenylethyl
chloride, 2-methyl-2H-furan-3-one, y-butyrolactone, acetal,
methyl ethyl acetal, dimethyl acetal, morpholine, pyrrole,
2-picoline, 2,5-dimethylpyridine, methyl tetrahydrotfuran,
dimethyl tetrahydrofuran, 1sopropyl ethyl ketone, diisopro-
pyl ketone, and the like, or any combination thereof. Option-
ally, the limited-solubility solvent includes one or more of
esters, ethers and ketones with 4 to 8 carbon atoms. For
example, the limited-solubility solvent can include methyl
acetate, ethyl acetate, propyl acetate, butyl acetate, pentyl
acetate, hexyl acetate, heptyl acetate, alkyl acetate, aryl
acetate, and the like, or any combination thereof, where the
alkyl can be linear or branched. In some embodiments, an S1
solvent 1s an organic solvent that 1s at most 80, 70, 60, 50,
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40, 30, 20, or at most 15% soluble 1n water. In other
embodiments, an S1 solvent 1s an organic solvent that 1s at
least 80, 70, 60, 50, 40, 30, 20, or at least 15% soluble 1n
walter.

The ratio of the limited-solubility solvent to water suitable
for carrying out the lignin extraction can vary depending on
the biomass material and the particular limited-solubility
solvent used. In some embodiments, the solvent to water
rat1o can be 1n the range of from 100:1 to 1:100, e.g., from

90:1 to 1:90, from 80:1 to 1:80, from 70:1 to 1:70, from 60:1
to 1:60, from 50:1 to 1:50, from 40:1 to 1:40, from 30:1 to
1:30, from 20:1 to 1:20, or 1:1. In some embodiments, the
solvent to water ratio 1s 1:1.

In some embodiments, the limited solubility solvent S1 1s
methylethyl ketone (MEK). MEK solubility in water at
room temperature 1s about 28 g/100 ml and an azeotorope
composition of about 80:20 with water. As disclosed 1n
PCT/US2013/039385 and PCT/US2013/068824, MEK can
be selected as an S1 solvent and can be an eflicient solvent
to extract lignin. In some embodiments, the S1 solvent can
comprise MEK. In some embodiments, MEK 1s selected as
the S1 solvent. In some embodiments of the present disclo-
sure, the S1 solvent mnduces eflective precipitation of salts
present 1n neutralized black liquor. For example, the S1
solvent can induce precipitation of Na,CO,, NaHCO,,
Na,SO,, NaHSO,, or any combination thereof from a liquor
solution or suspension. In some examples, the S1 solvent
can induce precipitation of (alkal1),CO,, (alkal))HCO,, (al-
kal1),SO, and (alkali)HSO, from a liquor solution or sus-
pension, wherein “alkali” can be any alkali 10n, for example,
lithium (L1), sodium (Na), potassium (K), rubidium (Rb),
caecsium (Cs), francium (Fr), or any combination thereof. In
some examples, contacting the black liquor with the limited-
solubility solvent induces precipitation of a salt, for
example, a salt comprising a carbonate, bicarbonate, sulfate,
or bisulfate 1on. In some embodiments, salts collected 1n the
two filtration steps 110 and 140 comprise Na,COj;,
NaHCO,, Na,SO,, NaHSO,, or any combination thereof. In
some embodiments, the S1 solvent 1s also eflective 1n
inducing precipitation of substantially all salts present 1n
neutralized black liquor at the prescribed concentration.
Such salts can be those described herein or any other salt that
1s formed.

In some embodiments, the biphasic liquid 1s neutralized
100 by contacting with a CO, gas flow. In some embodi-
ments, the CO, gas 1s bubbled through the solution (100)
while the solution 1s stirred 1n a temperature controlled
reactor at a temperature of at least 50° C. to at most 65° C.
In some aspects, the temperature 1s at least 30, 40, 50, or at
least 60° C. or more. In other aspects, the temperature 1s at
most 40, 50, 60, 70, 80 or at most 90° C. or less. In some
examples, the mixture 1s maintained at a temperature of at
least 30° C. to at most 90° C. during the addition of CO,.
The bubbles can be large, medium, fine, or a combination
thereot. In some embodiments, CO, 1s added until the pH of
the aqueous phase 1s lowered to a pH of at least 7.5 to a pH
of at most 7.7. In some embodiments, CO, 1s added until the
pH of the aqueous phase 1s lowered to a pH of at least 7.1
to a pH of at most 9.5. In some embodiments, the solution
1s stirred further for at least 20, 30, 40, 50, 60, 70, 80, 90,
100, 110, 120, 130, 140, 1350, 160, 170 or at least 180
minutes or more to allow for filterable salt formation. In
some embodiments, the solution 1s stirred further for at most
20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 130,
160, 170 or at most 180 minutes or less to allow for filterable
salt formation. In some embodiments, the salt 1s filtered 110
by any industrially common filtration device or process. In
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some embodiments, a filtration cake (112) 1s collected and
characterized by loss on dry of at least 30, 35, 40, 45, 50 or
at least 55% (wt/wt), where the dry substance may comprise
at least 30, 40, 50, 60, 70, 80% of NaHCO,, Na,CO; or a
combination of NaHCO, and Na,CO;. The loss on dry value
for a given sample corresponds to the quantity of mass that
1s lost upon drying the sample. The solid 112 can also
comprise relatively lower amounts of other metal salts of
bicarbonate and/or carbonate, depending on the original
composition of the black liquor. In some embodiments, the
filtration cake comprises at least 10, 15, 20, 25, 30 or at least
40% of the salts present 1n the black liquor before acidifi-
cation. In some embodiments, the dry substance in the
filtration cake comprises at least 20, 30, 40, 50, or at least
60% wt/wt of carbohydrates, present as oligomers.

The filtrate (111) can be transferred to a temperature-
controlled reactor, and the pH may be adjusted to a pH of at
least 0.5 to at most 3.0 via addition of a suitable acid. The
acid can be a mineral acid, for example, sulfuric acid. In
some embodiments, the acid 1s sulfuric acid produced by
oxidizing gaseous sulfur compounds collected from the
vents of the reactors of the processes described herein. At
this pH range (i1.e, a pH of at least 0.5 to at most 3.0), the
lignin can be extracted into the organic phase. The acidified
solution may optionally be stirred for a time period of at
least 1, 2, 3, 4, or at least 5 minutes after the desired pH 1s
reached. The aqueous and organic phases can then be
separated (120). In some embodiments, the separation 1s
achieved by decanting, using a centrifuge, a hydrocylone or
another suitable separation device. In some embodiments,
light phase stream 121 comprising extracted lignin and
solvent S1 1s transierred to a lignin purification process.

In some embodiments, the filtration cake 1s re-slurried
130 1n an aqueous solution comprising the lower phase of
decanting 120 (1.e., stream 122). The pH may optionally be
adjusted to reach a stable pH of at least 0.5 to at most 3.0,
at least 1.5 to at most 3.0, or at least 2.5 to at most 3.0. In
some embodiments, the acidification releases the carbonate
ion as CO,, which may be collected and recycled for further
use 1n the process. In some embodiments, Na,SO,,
NaHSO,, or a combination of Na,SO, and NaHSO, 1s
precipitated due to the presence of limited solubility solvent
S1 1n the solution which may be adjusted as necessary to
ellect the precipitation. The slurry 1s optionally heated to a
temperature of at least 80° C. and at most 150° C. (e.g., to
at least 90° C. and at most 120° C.) for a period of 30-300
minutes (e.g., 45-120 minutes), to cause hydrolysis of the
precipitated carbohydrate oligomers to aqueous-soluble car-
bohydrates (135). In some embodiments, the hydrolysis
converts at least 50, 55, 60, 65, 70, 75, 80, 85 or at least 90%
ol the precipitated carbohydrates to water soluble carbohy-
drates. In some embodiments, the hydrolysis converts at
most 50, 55, 60, 65, 70, 75, 80, 85 or at most 90% of the
precipitated carbohydrates to water soluble carbohydrates.

The resulting salt precipitate can be filtered (140) by any
industrially common filtration device or process. In some
embodiments, a filtration cake 142 1s collected, character-
1zed by loss on dry of at least 35, 40, 45 or at least 50%,
where the dry substance comprises at least 50, 60, 70 or at
least 80% NaHSO,,, Na,SO, or a combination of NaHSO,
and Na,SO,. In some 1nstances, a filtration cake collected 1s
characterized by loss on dry of at most 33, 40, 45, 50, 53, 60,
65 or at most 70%, where the dry substance comprises at
most 50, 60, 70 or at most 80% of NaHSO,, Na,SO,, or a
combination of NaHSO, and Na,SO,. The solid can option-
ally comprise lower amounts of other metal salts of bicar-
bonate and/or carbonate, depending on the original compo-
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sition of the black liquor. The filtrate (141) can be decanted
(150) to separate the light phase comprising solvent S1 from
the aqueous phase (151). The solvent S1 may optionally be
recycled (152) to the re-slurry tank. In some embodiments,
the aqueous phase, denoted as stream 151 1n FIG. 1, com-
prises about 2, 3, 4, 5, 6, 7, 8% wt/wt carbohydrates and up
to 38% wt/wt solvent S1. In some embodiments, aqueous
phase 151 comprises about 2, 3, 4, 5, 6, 7, 8% wt/wt
carbohydrates and at least 5% to at most 50%, at least 15%
to at most 40%, at least 25% to at most 40%, or at least 30%
to at most 40% wt/wt solvent S1.

In some aspects, stream 151 can be directed to solvent
recovery 260, where solvent S1 can be optionally distilled
ofl and recycled for further use in the process (261). In some
embodiments, the bottom aqueous solution (263) 1s suitable
for anaerobic digestion 270, including suitably low toxicity
and suitably high COD wvalues, among other required
aspects. In some embodiments, the aqueous solution com-
prises 400 ppm or less calcium and 2,000 ppm or less sulfur,
and has a high COD value of at least 35,000, 40,000, 45,000,
or at least 50,000. The tolerability of anaerobic digestion to
sulfur may be linearly related to COD. For example, 1n some
cases, at COD o1 30,000, sulfur concentrations at most 3,000
ppm are acceptable and do not affect stability of the micro-
bial system. However, 1n some cases, at COD of 50,000 the
acceptable sulfur concentration 1s 4,500 ppm.

Detailled Embodiments of Lignin Purification

As described hereinabove, stream 121 comprising solvent
S1 and extracted lignin may be fed into a desulfurization
reactor (200). The pH of the solution may be adjusted to at
least pH 7.5 to at most pH 8.0 by adding a base, e.g., NaOH,
[L.1OH or KOH. In some embodiments, the pH of the solution
may be adjusted to at least pH 7.1 to at most pH 9.0 by
adding a base, e.g., NaOH, LiOH or KOH. At least one
desulfurization catalyst may optionally be added. In some
embodiments, the catalyst 1s selected from a group including
Raney nickel, MoS,, CoS,, or combination thereof. The
catalyst may be any other catalyst known to catalyze des-
ulturization of petroleum products. Solvent S2 may be
added as a hydrogen donor or reducing agent. Solvent S2
may be an alcohol, including, for example, methanol, etha-
nol, i1sopropanol, 1-butanol, 2-butanol or mixtures of the
same. In some embodiments, the hydrogen donor 1s 2-bu-
tanol, vielding 2-butanone, 1.e., MEK, which 1s used as
solvent S1 1n the process. Excess MEK produced in this
process may be purged and sold as a product. In some
embodiments, volatile sulfur compounds are released in the
reaction (205). The volatile sulfur compounds may be
vented, collected for recycling of the sulfur, or both vented
and collected for recycling.

In some aspects, the efliciency of the lignin desulfuriza-
tion reaction 200 1s improved by the use of elevated tem-
peratures, elevated pressures, or a combination thereof. For
example, the temperature of lignin desulfurization may be 1n
the range of at least 50° C. to at most 200° C., at least 100°
C. to at most 195° C., or at least 140° C. to at most 190° C.
The pressure may be 1n the range of 1 mPa to at most 30
mPa, for example, 12 mPa to at most 26 mPa. Further, the
solution may be heated for 0.5 hours to 24 hours.

In some embodiments, the catalyst 1s removed from the
lignin and recycled for further use (212). The catalyst may
be removed etther chemically or physically; for example, the
catalyst may be removed via filtration 210 or using any other
suitable device or process. In some embodiments, the
reacted solution 1s filtered to remove the catalyst and the
catalyst 1s recycled for further use (212). The solution 211 of
S1 comprising the de-sulfurized lignin may be refined as
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disclosed earlier in PCT/US2013/039585 and PCT/US2013/
068824. The organic phase comprising solvent and lignin
may be contacted with strong acid cation exchanger 220 to
remove residual metal cations. In further aspects, the strong,
acid cation exchanger can be regenerated by any suitable
means. To obtain high purnity solid lignin, the limited-
solubility solvent may be separated from lignin, e.g., by
evaporation of the limited-solubility solvent (230). In some
embodiments, the limited-solubility solvent i1s separated
from lignin by mixing the solvent solution containing acidic
lignin with water at an elevated temperature (e.g., from at
least 50° C. to at most 80° C.). In some aspects, the water
1s combined with the limited-solubility solvent under a
vacuum. The precipitated lignin 231 may be recovered
(240), e.g., by filtration or centrifugation. Solid lignin may
be dried by application of a vacuum to the solid lignin. The
solid lignin may be dissolved 1n any suitable solvent (e.g.,
phenylethyl alcohol) for making lignin solutions. In some
examples, the suitable solvent 1s an organic solvent. In some
embodiments, this process results 1n stream 241 (or, alter-
natively, 221), comprising the solvent and dissolved lignin,
where residual ash 1s 1000 ppm or less, preferably 500 ppm
or less, and wherein polyvalent cations are S00 ppm or less,
preferably 200 ppm or less relative to lignin (on dry basis)
and residual carbohydrates are 500 ppm or less relative to
lignin (on dry basis). In some embodiments, the solution 1s

free of particulate matter.

Optionally, the desulfurization step (200) may be omitted,
thus leaving covalently bound sulfur on the lignin while
removing other ash elements. Omission of the desulfuriza-

tion step can result 1n lower-purity lignin, as typically about
1.0, 1.5, 2.0, 2.5, 3.0 or 3.5% wt/wt sulfur 1s covalently

bound to the lignin, which may be suitable for certain
applications. For example, dry lignin comprising at least 1.0,

1.5,2.0,2.5,3.0, 3.2, 3.5% wt/wt or more sulfur may be used
as fuel to produce energy in a paper mill, where lime kiln
gases are treated to recover sulfur. In some embodiments,
the lignin produced comprises at least 50%, at least 60%, at
least 70%, at least 80%, at least 90%, at least 95%, or at least
99% lignin (wt/wt), at most 3.5%, 3.0%, 2.0%, 1.0%, 0.5%
or 0.25% wt/wt sulfur, at most 1%, 0.5% or at most 0.025%
ash, polyvalent cations in an amount up to 500 ppm or less,
preferably 200 ppm or less relative to lignin and residual
carbohydrates 1n an amount up to 300 ppm or less relative
to lignin, or any combination of these specified lignin, sulfur,
ash, polyvalent cation, and carbohydrate levels. In some
examples, the lignmin produced comprises less than 1.6%
sulfur (wt/wt).

In some examples, the lignin produced comprises less
than 3.5%, 3.2%, 3.0%, 2.5%, 2.0%, 1.5%, 1.0%, 0.5%, or
0.25% sultur (wt/wt); trace S1 solvent, including but not
limited to less than 10000 ppm, less than 9000 ppm, less
than 8000 ppm, less than 7000 ppm, less than 6000 ppm, less
than 5000 ppm, less than 4000 ppm, less than 3000 ppm, less
than 2000 ppm, less than 1000 ppm, less than 500 ppm, less
than 100 ppm, less than 50 ppm, less than 10 ppm, or at most
10 ppm (wt/wt) S1 solvent; and black liquor residue 1n an
amount of at most 10000 ppm, at most 9000 ppm, at most
3000 ppm, at most 7000 ppm, at most 6000 ppm, at most
5000 ppm, at most 4000 ppm, at most 3000 ppm, at most
2000 ppm, at most 1000 ppm, at most 500 ppm, at most 100
ppm, at most 50 ppm, at most 10 ppm, or less than 10 ppm
(wt/wt) black liquor residue, or any combination of these
specified sultur, S1 solvent, and black liquor residue levels.

EXAMPLES

It 1s understood that the examples and embodiments
described herein are for illustrative purposes only and are
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not intended to limit the scope of the claimed invention. It
1s also understood that various modifications or changes 1n
light of the examples and embodiments described herein will
be suggested to persons skilled in the art and are to be
included within the spirit and purview of this application and
scope of the appended claims. All publications, patents, and

patent applications cited herein are hereby incorporated by
reference 1n their entirety for all purposes.

Example 1
Separation of Salts and Ligmin from Black Liquor

One part of weak black liquor having 20-25% dissolved
solids was mixed with 1.5 parts of 85:15 MEK:water solu-
tion to result m a 535:45 ratio of MEK:water. The solution
was stirred at a temperature of 50-65° C. and was sparged
with CO, slowly. After 45-60 minutes, the pH was measured
in the range of 7.5-7.7. The solution was stirred for at least
another hour to form a precipitate, which was then filtered
through Whatman 54 filter paper with suction. The filtrate
was acidified further with H,SO, to pH 2.5-3.0 and the
solution stirred at 50-65° C. for a few more minutes until the
pH stabilized. The solution was centrifuged and the organic
phase comprising extracted lignin collected for lignin refin-
ing. The precipitated solid was collected off the filter and
re-slurried by stirring 1n the aqueous phase. The pH was
adjusted to 2.5-3.0. A second salt precipitated, which was
collected by filtration. The resulting aqueous solution com-
prised 6,700 mg/L sulfur and 15,200 mg/L. Na. This repre-
sents a more than 50% reduction 1s sulfur content of the
aqueous phase and a more than 70% reduction 1 sodium
content compared to the mnitial black liquor. The organic
phase was contacted with a strong acid cation (SAC) resin
in the H™ form. The MEK solution was added dropwise into
an aqueous bath at 80° C., causing tlash evaporation of the
solvent and precipitation of lignin particles in the aqueous
phase. The solid was collected by filtration and dried. This
lignin product comprised 2.5% sulfur, 60 mg/kg Ca, no
detectable Fe, K, Mg or Na. The ICP results of samples
collected 1n the process are summarized 1n Table 1.

TABLE 1
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TABLE 1-continued

ICP analysis of samples collected at steps of salt and lignin separation
from black liquor (n.d. means not detected).

meg/ L.

Sample Ref# S Ca K Na
Black Liquor and MEK- 18901A 13400 n.d. 4150 47000
aqueous phase
Filtrate after salts filtered 18903 3460 n.d. 3100 24600
out - organic phase
Filtrate after salts filtered 18904 6700 n.d. nd. 15200
out - aqueous phase
10.3 grams filter cake oven 18902 5400 n.d. 4900 24100
dried and slurried in 40 grams
water
Extracted & i1on exchanged 18905 25000 60 n.d. n.d.
Lignin

Example 2

Refining of Lignin from Black Liquor

Lignin refined according to Example 1 (vielding ~2
grams), having 2.7% residual sulfur was slurried in water
(ca. 20 ml). An aqueous solution of NaOH (5%) was added
to the mixture to reach pH 12.5-13.0 and to solubilize the
precipitated lignin. Then, 60 ml of 80:20 MEK:water (vol/
vol) mixture was added. The pH of the mixture was adjusted
to 2.0-2.5 via addition of H,SO,. The organic phase was
separated by decantation. MEK solution (20 ml) comprising
~6% lignin was desulfurized via addition of molybdenum
sulfide (~1 g) as a catalyst and methanol (10 ml) as a
hydrogen donor. The mixture was further stirred at 175° C.
for 2 hours under nitrogen pressure (225-325 ps1 reaction
pressure). EFach reaction yielded about 30 ml of the crude
reaction mixture. The reactions were combined and metha-
nol distilled off. The solution was contacted with SAC, and
lignin collected by flash vaporization and dried.

Example 3
Characterization of Refined Lignin
Lignin was separated from black liquor according to

Examples 1 and 2. The organic phase comprising lignin was
contacted with SAC resin in the H™ form. Solid lignin was

ICP analysis of samples cpllected at steps of salt and lignin separation 45 obhtained by fash evap oration of the solvent, and the result-
from black liquor (n.d. means not detected). . c g 40 .
ing solid lignin was filtered and dried.
me/T. Elemental Analysis: The purified lignin sample derived
from black liquor was analyzed by elemental analysis for C,
Sample Ret# S Ca K Na H, N, O and S. The results of the characterization are
Black Liquor 12900 14000 nd 4260 s1000 OO sqmmz:g‘lzed in Table 2 (column }abeled Refined Bilac'k
Black Liguor and MEK- 189010 125 nd. nd.  nd. Liquor”), and compared to lignin prepared by Virdia
organic phase CASE™ method and literature values for Kraft softwood
(SW) lignin.
TABLE 2
Elemental analysis of lignin compositions
%
Refined CASE ™ CASE ™ CASE ™ Ligno-
Elements  Black Liquor  Eucalyptus Pine Bagasse Kraft SW sulfonate
C 64.7 62.1 67.1 66.2 64.3 42.0
H 5.90 5.91 6.68 6.71 6.0 4.6
N N.D. 0.12 0.12 0.35 N.D. 0
O 22.7 27.5 23.4 23.6 27.9 47.1
S 1.52 N.D. N.D. N.D. 1.8 6.3
Formula CoHg 850537 CoHig28U200  CoHig 750535  CoHi0040240 CoHi001030 CoHppg30ag
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TABLE 2-continued

Elemental analvsis of lienin compositions

16

%

Refined CASE ™ CASE ™ CASE ™
Elements  Black Liquor  Eucalyptus Pine Bagasse
O/C 0.26 0.33 0.26 0.27
H/C 1.09 1.14 1.19 1.22

C NMR: Lignin was characterized by solid state ">C
NMR. The results are summarized 1n Table 3.

TABLE 3

13C NMR of Lignin compositions
(s = syringil, ¢ = guiacyl, h = hydroxyl cumaril).

Refined ASE ASE ASE Residual
Black  Eucalyptus Pine Bagasse Kraft
Liquor Lignin Lignin Lignin Softwood
Degree of 0.8 0.6 0.8 0.4 1
condensation
Methoxyl 0.8 1.3 0.8 0.9 0.8
content
(#/aryl group)
Aliphatic 0.2 0.5 0.1 0.2 0.3
linkages
(p-O-4')
(#/aryl group)
Aromatic 1.9 2.0 1.9 1.7 2.1
C—O
(#/aryl group)
Aromatic C—C 2.0 2.1 2.0 2.2 1.9
(#/aryl group)
Aromatic 2.2 1.9 2.2 2.1 2.0
C—H
(#/aryl group)
S:G — 1.1 — 0.7 —
h:g:s 28:42:30

What 1s claimed 1s:

1. A process for separating lignin from black liquor, the
process comprising:

(1) contacting the black liquor with a limited-solubility

solvent, thereby forming a mixture;

(11) neutralizing the mixture by addition of CO.,;

(111) filtering the mixture, thereby generating a filtrate and

a filtration cake:

(1v) aciditying the filtrate;

(v) separating the filtrate into an organic phase and an

aqueous phase;

(v1) removing metal cations from the organic phase; and

(vi1) recovering lignin from the organic phase.

2. The process of claim 1, wherein the limited-solubility
solvent comprises a 4-to 8-carbon ketone.

3. The process of claim 2, wherein the limited-solubility
solvent 1s methyethyl ketone.

4. The process of claim 1, wherein the contacting the
black liquor with the limited-solubility solvent induces
precipitation of a sallt.

5. The process of claim 4, wherein the salt comprises a
carbonate, bicarbonate, sulfate, or bisulfate 10n.
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6. The process of claim 1, wherein the mixture 1s main-
tained at a temperature of at least 30° C. to at most 90° C.

during the addition of CO.,,.

7. The process of claim 1, further comprising halting the
addition of CO, once the mixture has a pH of at least 7.1 to
at most 9.5.

8. The process of claim 1, wherein the acidiiying of the
filtrate 1s accomplished by addition of a mineral acid.

9. The process of claim 1, wherein the recovering lignin
from the organic phase comprises evaporating the organic

phase, thereby forming a solid lignin.
10. The process of claim 1, wherein the recovering lignin

from the organic phase comprises contacting the organic
phase with water at an elevated temperature, thereby form-

ing a lignin precipitate.

11. The process of claim 10, further comprising filtering
the lignin precipitate, thereby collecting a solid lignin.

12. The process of claim 11, further comprising dissolving
the solid lignin 1n an organic solvent.

13. The process of claim 12, further comprising subject-
ing the lignin solution to desulturization reaction conditions.

14. The process of claim 13, wherein the desulfurization
reaction conditions comprise a desulfurization catalyst.

15. The process of claim 14, wherein the desulfurization
catalyst 1s selected from Raney nickel, MoS,, CoS,, or a
combination thereof.

16. The process of claim 13, wherein the desulfurization
reaction conditions comprise a hydrogen donor.

17. The process of claim 16, wherein the hydrogen donor
1s an alcohol.

18. The process of claim 17, wherein the hydrogen donor
1s 2-butanol.

19. The process of claim 1, further comprising subjecting
lignin 1n the organic phase to desulfurization reaction con-
ditions.

20. The process of claim 19, wherein the desulfurization
reaction conditions comprise a desulfurization catalyst.

21. The process of-claim 1, further comprising contacting,
the filtration cake with the aqueous phase of the acidified
filtrate, thereby forming a slurry.

22. The process of claim 21, further comprising separat-
ing an aqueous solution suitable for anaerobic digestion
from the slurry.

23. The process of claim 22, further comprising anaero-
bically digesting the aqueous solution suitable for anaerobic
digestion to produce methane.

24. The process of claim 1, wherein the removing metal
cations from the organic phase comprises contacting the
organic phase with a strong acid cation exchange resin.

G o e = x
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